(ASP) and L-glutamate (GLU) both function as endogenous neurotransmitters in area CA1 of the rat hippocampus.
Radioligand displacement experiments using JH-oL-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (3H-AMPA) to label AMPA/kainate receptors and 3H-cis-4-phosphonomethyI-2-piperidine carboxylic acid (3H-CGS-19755) to label NMDA receptors confirmed that GLU (K, -500 nM) but not ASP (K; > 1 mM) has high affinity for AMPA/kainate receptors whereas GLU (Ki -250 nhll) and ASP (Kj -1.3 PM) both have high affinity for NMDA receptors.
Elevating extracellular potassium concentration (50 mM, 1 min) evoked the calcium-dependent release of both ASP (-50% increase) and GLU (-200% increase) from Excitatory amino acid (EAA)-mediated neurotransmission is widespread throughout the mammalian CNS (Fagg and Foster, 1983; Cotman et al., 1987) . Two EAAs, L-aspartate (ASP) and L-glutamate (GLU), satisfy most of the criteria for neurotransmitter status (Orrego, 1979) in various regions of the CNS (Fonnum, 1984; Mayer and Westbrook, 1987) , including the hippocampus (Cotman and Nadler, 1981) . Specifically, ASP and GLU are released in a calcium-dependent manner by electrical or chemical depolarization of neurons in various brain regions (Fonnum, 1984; Benveniste, 1989; Nicholls, 1989) . They are effective at low concentrations (Surtees and Collins, 1985) and act at specific high-affinity receptors. Their exogenous action can be pharmacologically antagonized by many of the same compounds that block transmission at putative EAAergic synapses (Mayer and Westbrook, 1987; Monaghan et al., 1987) . In addition, ASP and GLU appear to be concentrated in synaptic vesicles (Villanueva and Orrego, 1988; Villanueva et al., 1990 ; Van den Pol, 199 1; but see Nicholls, 1989) although the only uptake carrier identified to date appears to be specific for GLU (Naito and Ueda, 1985; Fonnum, 1988 ; but see Dunlop et al., 199 1) . Finally, high-affinity uptake systems efficiently remove both ASP and GLU from extracellular space (Baclar and Johnson, 1972; Fonnum, 1984; Flott and Seifert, 1991) .
The excitatory actions of EAAs are transduced by both ionotropic and metabotropic receptors (Mayer and Westbrook, 1987) . Two general subtypes of ionotropic EAA receptors, AMPA/kainate receptors and NMDA receptors, are largely colocalized at EAAergic synapses (Bekkers and Stevens, 1989; Jones and Baughman, 199 1) . In contrast to AMPAkainate receptors, NMDA receptors have relatively slow kinetics (Hestrin et al., 1990; Lester et al., 1990) . In addition, NMDA receptors are regulated by numerous modulatory sites (Reynolds, 1990) , including a binding site for magnesium ions (Mayer and Westbrook, 1984; Nowak et al., 1984) that regulates current flow through NMDA receptors in a voltage-dependent manner and greatly reduces NMDA receptor involvement in fast synaptic transmission. GLU is a potent agonist at all EAA receptors yet characterized whereas ASP appears to be a selective NMDA receptor agonist (Olverman et al., 1988; Verdoorn and Dingledine, 1988; Patneau and Mayer, 1990) .
Brain GLU appears to be derived primarily from two sources (Hamberger et al., 1979a,b; Fonnum, 1988; Hertz and Schousboe, 1988; Shank and Aprison, 1988; Tildon and Zielke, 1988): (1) by conversion of Lu-ketoglutarate, which is derived from glucose via the tricarboxylic acid (TCA) energy metabolic cycle, and (2) by conversion of glutamine, an intermediary in nitrogen metabolism. The law of mass action determines the net direction of GLU flow into or out of the TCA cycle; when glucose con-centration and glycolysis are reduced, acetyl-CoA formation is limited, less cu-ketoglutarate is derived, and so the equilibrium changes to favor GLU catabolism via the TCA cycle over GLU synthesis. GLU is reversibly converted to cu-ketoglutarate by the cytosolic enzyme ASP transaminase (Asp-T; also known as ASP aminotransferase), by which ASP is also produced (Cooper, 1988) . Glutamine is derived mainly from astrocytes and can serve as a precursor to GLU formation by the enzyme glutaminase. Thus, the concentrations ofASP and GLU are determined by the relative concentrations of glucose and glutamine (Fig. 1 ).
This scheme is consistent with observations that the ratio of released ASP:GLU is sensitive to hypoglycemia both in vivo (Sandberg et al., 1986) and in vitro (Szerb and O'Regan, 1987; Szerb, 1988; Nadler et al., 1990) .
Recent immunocytochemical studies in hippocampus, where concomitantly evoked release ofASP and GLU is often reported (Nadler et al., 1976; Spencer et al., 198 1; Ferkany and Coyle, 1983; Wierasko, 1983; Szerb and O'Regan, 1985, 1987; Burke and Nadler, 1988; Szerb, 1988; Nadler et al., 1990; Martin et al., 199 1; Palmer et al., 1992) , have revealed a substantial overlap between ASP-and GLU-like immunoreactivities in the terminal fields of excitatory afferents to area CA1 (Gundersen et al., 1991) . These observations suggest that ASP and GLU can act as cotransmitters at these hippocampal synapses. Still, because ASP is a less potent agonist than GLU and because no uptake carrier has yet been demonstrated to concentrate ASP in synaptic vesicles, it has been proposed that ASP may not act as a neurotransmitter at all (Nicholls, 1989) . By this argument, ASP release, although calcium dependent, is an artifact of GLU release and is observed only because of a nonphysiological reversal of high-affinity uptake.
Here, we tested whether endogenous ASP acts as a neuro- A preliminary account of portions of this work has been reported previously (Fleck et al., 199 1) .
Materials and Methods
Radioligand binding. The interactions of ASP and GLU with both AMPA/kainate and NMDA receptors was assessed using displacement of bound 3H-DL-a-amino-3-hydroxy-5-methylisoxazole-4~pro~ionic acid ('H-AMPA: New England Nuclear. Boston. MA) and (3H-cis-4-ohosphonomethyl-2-pipehdine carboxylic acid @H-CGS-19755; New England Nuclear), respectively. Rats were decapitated and hippocampi were removed, weighed, and frozen. Later, the hippocampi were thawed (37°C 20 min) in 15 ml ofTris-acetate buffer (50 mM, pH 7.4) containing 140 mM KC1 (to deplete neurotransmitter stores by depolarizing membranes and reversing high-affinity uptake). Then, hippocampi were removed into 9 vol of ice-cold 50 mM Tris-acetate buffer, homogenized using a Polytron homogenizer, and centrifuged (42,000 x g, 25 min, 4°C). Then, the tissue was washed four times by removing the supernatant, resuspending the pellet in 50 vol of 5 mM Tris-acetate buffer, and centrifuging (42,000 x g, 25 min, 4°C). The resultant pellet was stored overnight at -70°C. On the day of the experiment, the pellets were thawed (30°C 15 min) in 5 mM Tris-acetate buffer and incubated for an additional 15 min with 0.05% Triton X-100 added. Then, pellets were resuspended in 50 vol of 5 mM Tris-acetate buffer and centrifuged (42,000 x g, 25 min, 4°C). This washing was repeated two more times . Alternate pathways for glutamate (GLU) and aspartate (ASP) synthesis. GLU can be produced from glutamine, which is normally abundant in extracellular space (approximately 0.5 mM) and is deaminated in neurons by the enzyme glutaminase to form GLU. GLU is also produced from oc-ketoglutarate, an intermediate in the tricarboxylic acid (TCA) energy metabolic cycle. The cytosolic enzyme ASP transaminase (Asp-T; also called ASP aminotransferase)
catalyzes the reversible reaction: GLU + oxaloacetate = ASP + oc-ketoglutarate. Asp-T is critically involved in regulating the entry and exit of carbon from the TCA cycle as dictated by the equilibrium of the substrates of the reaction. Thus, the equilibrium concentrations of ASP and GLU depends on the relative concentrations of glutamine and glucose. Reducing glucose availability should reverse GLU synthesis from cu-ketoglutarate, causing instead GLU metabolism in the TCA cycle and increased production of ASP. using 5 mM Tris-acetate buffer. Binding assays were performed with approximately 0.5 mg of protein in a final volume of 0.5 ml of Trisacetate buffer (5 mM), various concentrations of ASP or GLU, and either 10 nM 3H-AMPA with 100 mM potassium thiocyanate or 10 nM 'H-CGS-1975 5. Incubations were performed on ice in triplicate for either 1 hr ('H-AMPA) or 15 min ('H-CGS-19755) . Incubations were terminated by rapid filtration over glass fiber filters (Whatman GWB), and following rapid washing and immersion in biodegradable scintillation fluid, the radioactivity was determined by liquid scintillation spectrometry. Residual binding in 1 mM L-glutamate was considered to be nonspecific and was typically 15% of total binding for both 3H-AMPA and 3H-CGS-19755. Displacement constants were determined separately for each ~X~~~~~~~~US~~~ACCU~TSATURATIONTWO-SITESSO~~~~~~~O~ IBM PC (Lundon Software, Chagrin Falls, OH).
Preparation and maintenance of hippocampal slices. Hippocampal slices were prepared in a conventional manner from male SpragueDawley rats (125-250 gm; from Zivic-Miller, Zelienople, PA). Briefly, animals were decapitated and both hippocampi were removed and cut using a vibratome to obtain 500-pm-thick transverse slices. For most experiments, minislices of area CA1 were prepared by removing most of the CA3 and dentate regions. Slices were incubated in oxygenated artificial cerebrospinal fluid (ACSF) before use. Standard ACSF consisted of the following (in mM): NaCl, 125; KCl, 3; NaH, PO, , 1.25; MgCl, , 2.1; CaCl, , 2.3; NaHCO, , 26 ; saturated with 95% O,, 5% CO, to obtain pH 7.3-7.4. Several concentrations of D-glucose were used ranging from 0 to 10 mtvr. In some experiments, 0.5 mM L-glutamine was also included in the ACSF. Milford, MA) consisted of two pumps (model 50 l), an automatic sample injector (WISP model 7 15) a fluorescence detector (model 470, excitation 334 nm and emission 424 nm), a temperature control module, a column heater module, and a microcomputer-based control system (model M820). Samples containing amino acids (40 ~1) were mixed with OPA-mercaptoethanol reagent (Pierce Chemical Co., Rockford, IL) and injected onto the column after a 1 min mixing step. A reverse-phase column (50 x 4.6 mm i.d.) was employed with a guard column (15 x 4.6 mm i.d.), both packed with octadecylsilane particles 3 pm in diameter (Microsorb, Rainin Instrument Co., Wobum, MA) and contained in an axial compression unit (Dynamax, Rainin Instrument Co.) at a temperature of 30°C. The mobile phase was a mixture of 50 mM HPLC-grade orthophosphoric acid (adjusted to pH 5.7 with NaOH and containing 50 PM ethylenediaminetetra-acetic acid) and HPLC-grade methanol (Baxter Scientific Products, McGaw Park, IL). These two solutions were mixed in the vol: vol ratio of 90: 10 for solvent A and lo:90 for solvent B. A curvilinear gradient was used to change the proportion of solvent A from 90% to 10% over 7.5 min and return to 90% over 5 min. Peaks were identified by comparing retention times with those of authentic standards under a number of chromatographic conditions. Peak areas were quantified using MAXIMA 820 software (Dynamic Solutions Inc., Ventura, CA). This procedure provided consistent and adequate separation to quantify the amino acids aspartate, glutamate, serine, glutamine, and glycine. Amino acid concentrations as low as 0.2 pmolM0 ~1 (5 nM) could be quantified reliably. Low-level background contamination in the HPLC buffers prevented any improved sensitivity.
Minislices were used in addition to whole slices to verify that the amino acid release we measured was derived from area CA 1. Standard ACSF was prepared as described above. Constant flow through a 250-ccl-volume submerged perfusion chamber was maintained using a peristaltic pump (model 202U 1, Watson-Marlow, Falmouth, England). Perfusate samples were collected in 1 min fractions (800 rl), and HPLC was used to determine the amino acid content of four effluent samples taken before, and four effluent samples taken during and immediately following, high-potassium stimulation. High-potassium stimulation (50 mM for 1 min) was presented after slices had been allowed to equilibrate in the perfusion chamber for at least 15 min. Similar experiments were performed in low-calcium ACSF containing0.5 mM CaCl,, 3 mM MgCl,, and 0.5 mM EGTA. Basal release was calculated as the average amino acid content of the four effluent samples taken immediately before highpotassium stimulation.
Evoked release was calculated from the peak increase above basal levels (percentage of control) measured in the following four samples.
ATP measurements. Tissue content of adenosine triphosphate (ATP) was calculated from a firefly luciferase assay (Sigma, FL-AAM). CA1 minislices were preincubated for 1 hr in standard ACSF, after which they were separated into three groups and incubated at room temperature for 1 hr longer in ACSF containing either 10 mM, 1.0 mM, or 0.2 mM glucose. Slices were then collected in reagent containing an ATPreleasing ionophore (Sigma, FL-SAR), vortexed, and rapidly frozen in a dry-ice/ethanol bath. On the following day, tissue preparations were rapidly thawed and centrifuged (42,000 x g, 5 min, 4°C). Triplicate samples of 100 ~1 were added with 100 ~1 luciferin/luciferase assay buffer to 10 ml of phosphate buffer (0.01 M, pH 7.8). Bioluminescence was determined by liquid scintillation spectrometry. ATP content was quantified relative to known standards and corrected for protein content of the tissue preparations as determined by the method of Smith et al. (1985) using bovine serum albumin as the standard. Extracellular recordings. CA 1 minislices were individually transferred to the submerged recording chamber wherein they were continuously perfused (800 Hllmin) with fresh, oxygenated ACSF at room temperature (20 t 2°C). Extracellular recording micropipettes were pulled from 1.5-mm-o.d. borosilicate glass tubing, filled with 0.5 M NaCl, and selected for tip resistances of l-3 MR measured in 0.9% saline. Bipolar stimulating electrodes were made with 62 pm diameter insulated nichrome wire. Extracellular field recordings ofpopulation excitatory postsynaptic potentials (pEPSPs) were obtained from stratum radiatum of the CA1 subregion. A bipolar stimulating electrode was placed in stratum radiatum of CA1 for orthodromic stimulation of the Schaffer collateralcommissural afferents at 0.2 Hz. Pulse duration was fixed at 100 ysec. Stimulus intensity was set to elicit pEPSPs that were just subthreshold for the elicitation of a population spike, except in experiments using 4-aminopyridine (4-AP), when stimulus intensity was set to elicit pEPSPs of approximately half-threshold for population spiking. Sampled field potentials were displayed on a Nicolet oscilloscope, digitized, and stored on an IBM-386 system hard drive for subsequent off-line analysis. When used, the following drug concentrations were added to perfusion medium: 10 FM 6-cyano-7-nitroquinoxaline-2,3-dione Figure S. Calcium-dependent potassium-evoked release of endogenous ASP and GLU from whole slices and from minislices of area CA 1. Slices were incubated in normal-or low-calcium medium for 15 min (Basal release) prior to I min stimulation with 50 mM KCI (Evoked release). Perfusate samples were collected in I min fractions and endogenous EAAs were measured by HPLC with fluorometric detection. Peak increases were normalized to basal values and averaged. High potassium failed to evoke increases from basal EAA release in low-calcium ACSF from either whole slices (n = 6; A) or CAI minislices (n = 3; B). Significant potassium-evoked EAA release was observed in normal-calcium ACSF from whole slices (n = IO) and CA I minislices (n = 3). Asterisks denote statistically significant increases from basal values (*, p < 0.02; **, p < 0.0 1; ***, p < 0.00 1; one-tailed t tests). Results are expressed as mean * SEM.
as in extracellular experiments, above. Intracellular current-clamp recordings were obtained from presumed pyramidal cells in minislices of area CA I. Intracellular recording micropipettes were pulled from 1.5 mm-o.d. borosilicate glass, filled with I M KCI, and selected for tip resistances of 30-60 MR. Cells were impaled while CA 1 minislices were perfused with standard ACSF (I 0 mM glucose). Current-clamp recordings were obtained using an Axoclamp-2A (Axon Instruments). After a stable baseline was recorded, the glucose concentration in the perfusion medium was reduced to 1.0 or 0.2 mM. EPSP amplitude, membrane potential, and input resistance were measured and compared in the two conditions. Whole-cell recordings were performed using the blind method (Blanton et al., 1989) . Whole-cell recording micropipettes were pulled from 7052 glass (Garner Glass) and filled with a solution consisting of (in mM) I25 CsCH,OS,, I5 NaCl, 10 HEPES, I BAPTA-K,, 0. I CaC&, I MgSO,, 2.0 Mg-ATP, and I picrotoxin. Final pH was adjusted to 6.7, and osmolarity was 270 mOsm. Final tip resistances were 3-6 MQ. NMDA responses were isolated as described above, but with 10 FM picrotoxin, and IO PM bicuculline also added to expose the decay currents of pure NMDA receptor-mediated synaptic responses. Voltageclamp recordings were obtained using an Axopatch-I D amplifier (Axon Instruments).
Series resistance was monitored and data were discarded if large changes were observed during the course of data collection. Decay-time constants ofaveraged EPSCs were measured using AXCGRAPH software for Macintosh (Axon Instruments These results are consistent with previous reports for binding to cortical membranes (Olverman et al., 1988) , where an approximate 11: 1 ratio of GLU:ASP binding was measured by displacement of D-APV. Binding results also correlate well with physiological data from several groups who measured ASP-and GLU-evoked responses in hippocampal cells (Patneau and Mayer, 1990 ) and receptors in Xenopus oocyte expression systems (Verdoorn  and Dingle dine, 1988) and reported an approximate 6: 1 ratio of GLU:ASP EC,, values at NMDA receptors.
EAA release
Next, we examined endogenous ASP and GLU release evoked from hippocampal slices by potassium-induced depolarization. Sixteen whole hippocampal slices were individually perfused for 1 min with high-potassium (50 mM) medium to test for potassium-evoked release of EAAs. High-potassium medium evoked the release of both ASP (266 f 42% of basal) and GLU (389 f 54% of basal) but did not affect the concentrations of serine or glycine in the perfusate.
Glutamine efflux was often decreased in high potassium.
To determine whether potassiumevoked EAA release was calcium dependent, whole hippocampal slices were perfused with either normal-calcium (n = 10) or low-calcium (n = 6) ACSF (Fig. 3A) . Data for ASP was discarded for one of the 10 slices tested in normal calcium because of inadequate HPLC separation of the ASP peak. High-potassium exposure in normalbut not in low-calcium ACSF caused a significant increase in perfusate concentrations of ASP (p < 0.01, one-tailed t test) and GLU (p < 0.001, one-tailed t test). Potassium-evoked EAA release was also measured from minislices of isolated area CA 1 in normal-calcium (n = 5) and lowcalcium (n = 3) ACSF (Fig. 3B) . As in whole slices, high-potassium exposure in normal-but not in low-calcium ACSF caused a significant increase in perfusate concentrations of both ASP (p < 0.02, one-tailed t test) and GLU (p < 0.01, one-tailed t test).
ASP contribution to synaptic transmission
We assessed the ASP contribution to hippocampal synaptic transmission by manipulating the releasable pools of ASP and GLU and measuring the resultant changes in evoked pEPSPs. To manipulate releasable ASP and GLU, slices were incubated in various concentrations of glucose prior to 1 min stimulation with 50 mM KC1 (n = 15). Decreased glucose availability was expected to increase GLU catabolism in the TCA cycle (see Fig.  l ), thus producing a net decrease in GLU release and a net increase in ASP release. Slices were preincubated for at least 1 hr in ACSF containing either 10, 1 .O, or 0.2 mM glucose. Glutamine (0.5 mM) was supplemented in each condition as an alternate metabolic source. In 10 mM glucose, high potassium evoked an increase in both GLU (26 1 f 30% of basal) and ASP (210 -t 16% of basal) (Fig. 4) . Reducing glucose concentration to 1.0 mM had no measurable effect on EAA release, although further reduction to 0.2 mM glucose was associated with a decrease in potassium-evoked GLU release (145 -t 7% of basal) and an increase in potassium-evoked ASP release (256 f 26% of basal). Basal release of ASP and GLU was not different in low glucose.
We then conducted a series of experiments examining the concentrations of glucose and duration of glucose deprivation Time (min) Figure 5 . Effects of low glucose concentration on Schaffer collateralcommissural pEPSPs. Data are taken from a representative experiment in which pEPSPs were recorded in area CA1 of the hippocampal slice in response to Schaffer collateral-commissural stimulation. During baseline, the slice is superfused with standard ACSF containing 10 mM glucose. After a stable baseline response is recorded, the perfusion medium is changed to one containing low (0.2 mM) glucose (first arrow). Individual traces were pooled into bins of 12 responses each (1 min), and peak amplitudes of the pEPSPs are expressed as mean f SEM. At the end of the experiment, the perfusion glucose concentration was restored to 10 mM (second arrow) to assess the recovery of pEPSP amplitudes. Inset shows superimposed waveforms (averages of 15 consecutive traces) recorded in standard-and low-glucose ACSF. Asterisk indicates the presumed presynaptic fiber volley that was not reduced in low glucose.
necessary to reduce Schaffer collateral-commissural pEPSPs. pEPSPs from CA 1 were recorded in 10 mM glucose ACSF. After a stable baseline response had been established, the perfusion medium was changed to low-glucose ACSF. We observed that pEPSPs were not affected by decreasing to 5.0, 2.5, or 1.0 mM glucose. However, at 0.2 mM glucose, the peak amplitude of pEPSPs declined slowly, reaching a stable plateau at 14 + 3% of baseline (n = 5) after approximately 1 hr (Fig. 5) . Similarly, the initial slopes of pEPSPs were not affected in 1 .O mM glucose but were reduced to 9 + 3% of baseline in 0.2 mM glucose.
Because release of ASP, a high-affinity NMDA but not AMPA/ kainate receptor agonist, persisted in 0.2 mM glucose, we hypothesized that the residual pEPSP observed in low glucose was mediated by ASP acting at NMDA receptors. We tested this hypothesis by measuring the reduction in isolated AMPA/kainate and NMDA receptor-mediated pEPSPs after changing from standard-to low-glucose ACSF. To isolate AMPA/kainate receptor-mediated pEPSPs, 20 I.LM D-APV, an NMDA receptor antagonist, was included in the perfusion medium. To isolate NMDA receptor-mediated pEPSPs, 10 PM CNQX, an AMPA/ kainate receptor antagonist, was included and magnesium concentration was reduced to 100 FM. Isolated AMPA/kainate receptor-mediated pEPSPs peaked approximately 5 msec after the termination of the presynaptic fiber volley whereas the slower NMDA receptor-mediated pEPSPs peaked after approximately 20 msec (Fig. 6A ) and were evoked with greater stimulation intensity. Isolated AMPA/kainate or NMDA receptor-mediated pEPSPs were monitored continuously while glucose concentration in the perfusion medium was reduced from 10 mM to 1 .O, 0.5, or 0.2 mM. Both AMPA/kainate (Fig. 6B) and NMDA (Fig. 6C) receptor-mediated pEPSPs were reduced at low glucose concentrations. At 1 .O mM glucose, both initial slopes and peak amplitudes of NMDA receptor-mediated responses were increased slightly (bothp < 0.05, two-tailed t test). This increase was not expected from our release data but might be indicative receptor-mediated currents, 20 PM of the NMDA receptor antagonist D-APV was included in the perfusion medium. To isolate NMDA receptor-mediated currents, 10 PM of the AMPA/kainate receptor antagonist CNQX was included and magnesium was reduced to 100 PM. In each of the subsequent experiments presented, slices were perfused with standard ACSF containing 10 mM glucose before the perfusion medium was changed to one containing 0.2 mM glucose. Glutamine (0.5 mM) was included in both conditions. B and C, Waveforms were recorded in standardglucose (I) and low-glucose (2) ACSF. Isolated AMPA/kainate (B) and NMDA (C) receptor-mediated nEPSPs were both reduced bv nerfusion of low-glucose ACSF after more than 1 hr. Asterisk in C indicates the presumed presynaptic fiber volley that did not appear to be affected by low glucose. D and E, Presynaptic fiber volleys (D) and antidromic population spikes (E) were isolated in low-calcium ACSF. Neither was reduced after as long as 4 hr of perfusion of medium containing 0.2 mM glucose. Time scale is the same for all waveforms. Each waveform is an average of 15 consecutive responses.
of increased ASP release prior to depletion of vesicular GLU stores. With further glucose reduction, there was a concentration-dependent reduction in both AMPA/kainate and NMDA receptor-mediated pEPSPs by low-glucose (Fig. 7) . Residual NMDA receptor-mediated pEPSPs, however, were significantly larger than residual AMPA/kainate receptor-mediated pEPSPs (p < 0.0005, two-tailed t test corrected for multiple comparisons). Specifically, the amplitude of AMPA/kainate receptormediated pEPSPs declined to 7 f 2% of baseline values whereas the amplitude of NMDA receptor-mediated pEPSPs declined to 34 f 3% at 0.2 mM glucose (see also Fig. 10 ). The initial slopes of AMPA/kainate and NMDA receptor-mediated responses also were reduced in 0.2 mM glucose to 3 f 1% and 36 + 8% of baseline values, respectively. With glucose omitted Perfusion medium was then changed to one containing 1 .O, 0.5, or 0.2 mM glucose. AMPA/kainate (n = 5,5,4, respectively) and NMDA (n = 5,4,6, respectively) receptormediated responses were reduced at concentrations below 1 .O mM glucose. Data are expressed as mean ? SEM. Asterisks indicate statistically significant differences between groups (*, p < 0.05; **, a < 0.0005; twotailed t tests corrected for multiple comparisons).
from the ACSF, the amplitude of NMDA receptor-mediated pEPSPs remained at 27 +-2% of their initial amplitude (n = 3). These results are consistent with the hypothesis that ASP release mediates a significant proportion of the NMDA receptor-mediated response evoked by Schaffer collateral-commissural stimulation.
An alternative explanation might be that low glucose concentrations are a sufficient metabolic stress to reduce ATP content, decrease membrane potential, and interfere with high-affinity GLU transport. This might cause GLU to accumulate in the synaptic cleft and preferentially desensitize AMPA/kainate receptors, thus causing the preferential reduction in AMPA/ kainate receptor-mediated responses. However, there was no measurable increase in basal release of GLU or ASP by HPLC. In addition, we examined directly several extrasynaptic effects of low glucose. In the experiments described above, presynaptic fiber volleys appeared to be unaffected (Fig. 6C) by perfusion of low-glucose ACSF over the time course of the experiments. We further verified that reducing glucose concentration did not have nonspecific presynaptic effects by isolating fiber volleys in low-calcium ACSF (0.5 mM), which prevented pEPSPs. Fiber volleys were elicited in area CA1 by electrical stimulation of the Schaffer collateral-commissural afferents in low-calcium ACSF. Reducing glucose from 10 mM to 0.2 mM did not reduce the amplitude of presynaptic fiber volleys, even as recorded after 4 hr in low glucose (Fig. 60) . We also assessed the effects of reduced glucose on antidromic population spikes to control for nonspecific postsynaptic effects. Antidromic spikes were elicited in area CA1 by electrical stimulation of stratum oriens in lowcalcium ACSF. Reduction to 0.2 mM glucose did not reduce antidromic spike amplitudes, even as recorded after 4 hr in low glucose (Fig. 6E) , but did reduce the polysynaptic components of the same antidromic evoked responses (see late phase of waveforms in Fig. 6E ).
We also obtained intracellular recordings from pyramidal cells in minislices of area CA1 in standard-and low-glucose ACSF EPSPs were evoked by stimulation ofthe Schaffer collateral-commissural afferents in CA1 minislices. Data from 10 rnM condition are expressed as mean i SEM for all 1 I experiments; data from 1.0 rnM (n = 8) and 0.2 rnM (n = 3) conditions are expressed as mean percentage of control f SEM.
(see Table 1 ). After 30 min, intracellularly recorded EPSP amplitudes were slightly reduced in 1.0 mM and were greatly reduced in 0.2 mM glucose. Membrane potential and input resistance showed no consistent changes in either condition.
In other experiments, we directly measured ATP content in CA 1 minislices using a luciferin/luciferase bioluminescence assay as described in Materials and Methods. CA 1 minislices were incubated for 1 hr in ACSF containing either 10 mM, 1 .O mM, or 0.2 mM glucose. No alternate metabolic source was included in the ACSF. ATP content was calculated relative to known standards and corrected for protein content of the tissue preparations. In three separate experiments, ATP content was not reduced in either 1 .O or 0.2 mM glucose relative to 10 mM glucose control (Fig. 8) .
From these results, we reject the hypothesis that there is sufficient GLU accumulation in the synaptic cleft to preferentially desensitize AMPA/kainate receptors because low glucose did not measurably increase basal EAA release or reduce fiber volleys, antidromic spikes, membrane potential, input resistance, or cellular ATP content. Therefore, the persistence of the NMDA [Glucose] (mM) Figure 8 . Effects of low glucose on cellular ATP content in CA1 minislices. Minislices of area CA1 were preincubated for 1 hr in standard ACSF containing 10 mM glucose and then separated into ACSF containing 10, 1 .O, or 0.2 mM glucose. After 1 hr of incubation, slices were collected into a reagent containing an ATP-releasing ionophore, vortexed, and immediately frozen in a dry-ice/ethanol bath. On the day of the assay, sample preparations were rapidly thawed and centrifuged (42,000 x g, 5 min, 4°C); 100 ~1 of sample and 100 ~1 of luciferin/ luciferase assay buffer were added to 10 ml of 0.01 M phosphate buffer (pH 7.8). Bioluminescence was immediately determined by liquid scintillation spectroscopy. ATP content was determined relative to known standards and corrected for protein content of the samples. Data are expressed as mean + SEM for three experiments each run in triplicate. receptor-mediated currents seems to result from the persistence of ASP release in low-glucose ACSF. Still, these results might also be obtained if GLU alone were acting as a neurotransmitter in these synapses by virtue of its relatively higher affinity for NMDA receptors than for AMPA/kainate receptors. That is, if NMDA receptors are more nearly saturated than AMPA/kainate receptors during synaptic transmission, then it follows that the NMDA receptors should be less susceptible to a decrease in GLU release. This model predicts that NMDA receptormediated responses should also persist when GLU release is reduced by other manipulations, even if ASP release is also reduced. Therefore, control experiments were performed using adenosine to depress synaptic transmission. Adenosine depresses excitatory neurotransmission in area CA1 of the hippocampus (Yoon and Rothman, 199 1) via A, receptor regulation of potassium and calcium conductances (Fredholm and Dunwiddie, 1988; Lupica et al., 1992) . Adenosine reduces pre-but not postsynaptic calcium influx (Schubert et al., 1986) and equally reduces the calcium-dependent release of ASP and GLU from minislices of area CA1 (Burke and Nadler, 1988) . We obtained a concentration-response curve for the depressant effects of adenosine on pEPSPs in one slice to determine an appropriate concentration to use for subsequent experiments. Adenosine caused a concentration-dependent reduction in pEPSP amplitudes with an apparent IC,, of 3.0 FM (Fig. 9A) . Subsequent experiments were performed using 5 PM adenosine to approximate the synaptic depression in 0.2 mM glucose. Unlike low glucose, however, adenosine equally reduced the amplitudes of AMPA/kainate (n = 4) and NMDA (n = 4) receptor-mediated responses (Fig. 9) to 11 + 2% and 12 f 3% of baseline, respectively; initial slopes were also equally reduced to 16 f 2% and 11 -t 2% of baseline, respectively. Similar results were obtained using TTX to depress synaptic transmission. TTX (0.4 PM) did not preferentially reduce AMPA/ kainate receptor-mediated responses. Rather, TTX reduced AMPA/kainate (n = 5) and NMDA (n = 6) receptor-mediated pEPSPs to 32 f 8% and 22 + 5% of their baseline amplitudes, respectively. It should be noted that, although TTX effectively reduces synaptic transmission, it is not an ideal control. Unlike low glucose or adenosine, TTX drastically reduced presynaptic fiber volleys as well as pEPSPs, suggesting that it probably reduces the number of terminals contributing to the synaptic response rather than reducing the amount of transmitter released per terminal.
Alternatively, if NMDA receptors are more nearly saturated, then an increase in GLU release should preferentially enhance AMPA/kainate receptor-mediated responses. We tested this hypothesis by adding 4-AP to the perfusion medium. 4-AP enhances synaptic transmission by blocking potassium channels, thereby increasing calcium influx and transmitter release (Jankowska et al., 1977; Buckle and Haas, 1982; Jones and Heinemann, 1987; Storm, 1988; Muller and Lynch, 1989; Perreault and Avoli, 1989; Muller and Misgeld, 199 1) . Although the effects are not entirely presynaptic, low concentrations of 4-AP (5-50 PM) that have little or no effect on membrane potential effectively block potassium channels involved in spike repolarization (Perreault and Avoli, 1989) . A concentration-response curve for effects of 4-AP was derived using the amplitude of the evoked population spike to determine an appropriate concentration for subsequent experiments. 4-AP produced a concentration-dependent enhancement of population spikes with an apparent EC,, of -5 PM (Fig. 1 OA) . Concentrations greater than 50 PM caused an initial increase in pEPSP amplitudes followed by an irreversible depression. Subsequent experiments were performed using 10 PM 4-AP. Stimulus intensity was set to elicit pEPSPs that were less than half-threshold for spike elicitation to minimize pEPSP contamination by population spikes. Addition of 10 FM 4-AP to the perfusion medium did not preferentially enhance AMPA/kainate receptor-mediated responses. Rather, 4-AP enhanced the amplitudes of AMPA/ kainate (n = 8) and NMDA (n = 8) receptor-mediated pEPSPs to 206 -t 24% and 248 f 22% of baseline, respectively (Fig.  10B) . In this case, initial slope is a more appropriate measure of synaptic efficacy because population spikes, which can confound the measurement of pEPSP amplitudes, were more easily elicited in the presence of 4-AP. Population spikes were often elicited even when stimulus intensity was reduced to match pEPSP amplitudes with baseline. Initial slopes of AMPA/kainate and NMDA receptor-mediated pEPSPs were enhanced to 252 -t 16% and 270 -t 40% of baseline, respectively, in 4-AP. Presynaptic fiber volleys isolated in low calcium were not increased in amplitude, but were slightly longer in duration. This is consistent with 4-AP prolongation of action potentials by preferentially blocking the potassium channels involved in spike repolarization. Further, this result suggests that the number of fibers contributing to the synaptic response was not increased, nor were the fibers depolarized by this concentration of 4-AP. The enhanced population spiking suggests that 4-AP affects the length constant of cells both pre-and postsynaptically, making 4-AP a less than ideal control. However, this result should be considered together with results of adenosine and TTX, both of which reduce EAA release generally and produce an equal reduction in AMPA/kainate and NMDA receptor-mediated responses. It is unlikely then that a general reduction of synaptic transmission can explain the differential effects of low glucose on these responses. Exnonential fits are overlaid in waveforms 1 and 2b. B. As above, EPSCs were recorded in the absence (1) and the nresence (2a) of 3.5 YM adenosine (n 2 2). EPSCs from a representative experiment are shown that were reduced to 30% of control amplitude in adenosine: Responses recorded in the presence of adenosine were normalized to control amplitude and the time course of decay was fit by a first-order exponential (2b). Decay-time constants for this exoeriment were 83 msec in the absence and 88 msec in the presence of adenosine. Exponential fits are overlaid in waveforms 1 and 26. Waveforms are averages of 15 consecutive responses.
Finally, it has been reported that the decay-time constant of NMDA receptor-mediated currents is determined by agonist affinity (Lester and Jahr, 1992) . Specifically, the decay-time constant is approximately 40% faster for ASP-evoked than GLUevoked NMDA receptor-mediated currents in cultured hippocampal neurons. Assuming this property is retained in adult hippocampal neurons, then NMDA receptor-mediated currents should decay faster in low glucose if in fact ASP mediates a larger proportion of the synaptic response in this condition. We obtained whole-cell recordings of pure NMDA receptor-mediated EPSCs from pyramidal cells in CA1 minislices. Wholecell recordings were obtained after 0.5-3 hr incubation in lowglucose (0.2 mM) ACSF. Membrane voltage was clamped to -50 mV. After a stable baseline response was established, the perfusion source was changed to standard ACSF containing 10 mM glucose. In low glucose, EPSC amplitudes averaged to 25 +-5% of control (Fig. 10) . The time course of decay was fit satisfactorily with a first-order exponential and in every case (n = 6) was significantly faster in low glucose, as was readily apparent from the normalized EPSC waveforms (Fig. 11A) . Decaytime constants of the first-order exponential fits averaged 73 f 4 msec in standard-and 54 f 5 msec in low-glucose ACSF (p < 0.00 1 using one-tailed paired t test). Thus, NMDA receptormediated currents decayed an average of 26% faster in low glucose. Similar experiments were performed with adenosine ( Fig. 1 IB) , which reduces ASP and GLU release equally and does not differentially reduce the pEPSP components in extracellular experiments already described. Adenosine (3.5 FM) reduced EPSC amplitudes to -35% of control, but did not shorten the decay-time constants of NMDA receptor-mediated EPSCs (n = 2). Decay-time constants for these whole-cell currents averaged 73 msec during baseline and 78 msec after washing in adenosine.
Discussion
Together, these data confirm that ASP is involved in synaptic transmission in area CA 1 of the hippocampus. ASP is released in a calcium-dependent manner upon depolarization of terminals in area CA 1 and is a potent agonist of hippocampal NMDA but not AMPA/kainate receptors. Low-glucose perfusion preferentially reduced the potassium-evoked release of GLU, but not ASP. Likewise, low glucose preferentially reduced AMPA/ kainate receptor-mediated pEPSPs, for which GLU is a potent agonist, more than NMDA receptor-mediated pEPSPs, for which ASP is also a potent agonist. In contrast, the inhibitory neuromodulator adenosine, which equally reduces ASP and GLU release, equally reduced AMPA/kainate and NMDA receptormediated pEPSPs. If low glucose caused a depletion of ATP or buildup of extracellular GLU due to decreased uptake, one would expect to see a corresponding reduction in membrane potential and input resistance of the postsynaptic cells. However, we saw no evidence of any such nonspecific effects on fiber volleys, antidromic spikes, membrane potential, input resistance, or cellular ATP content. In addition, NMDA receptor-mediated EPSCs showed significantly faster decay-time constants in low glucose, as expected if the lower-affinity agonist, ASP, is preferentially released. Therefore, we conclude that ASP release normally underlies a component of excitatory synaptic responses elicited in area CA 1, specifically through its action at NMDA receptors.
Our results also indicate that potassium-evoked EAA release is a reliable index of neurotransmitter release at the synapse for several reasons. First, the potassium-evoked EAA release we observed was entirely calcium dependent. Although high potassium can also evoke calcium-independent EAA release, which is probably not representative of the transmitter pool, this only occurs at higher concentrations or with longer exposure (see Bernath, 1992) . Second, a similar increase in the proportion of ASP release has also been reported by electrical stimulation (Szerb and O'Regan, 1987) . Third, ifASP release were an artifact of reversed uptake, due to high extracellular potassium concentration and simultaneous GLU binding, a decrease in GLU release should always be correlated with a decrease in ASP release since both are taken up by the same high-affinity trans-porter (Baclar and Johnson, 1972; Flott and Seifert, 199 1) . This argument is commonly used to explain why ASP release is calcium dependent (i.e., calcium-dependent GLU release is required to evoke ASP release). Clearly, this was not the case since the decreased GLU release we observed in 0.2 mM glucose was associated with a compensatory increase in ASP release. Lastly, our release data generated two predictions that were substantiated by experimental observations. That is, the data correctly predicted that the NMDA receptor-mediated component of the synaptic response should persist and that NMDA receptor-mediated EPSCs should decay faster in low glucose.
These results confirm that ASP/GLU homeostasis is altered by conditions that affect neuronal metabolism, such as hypoglycemia as previously described (Sandberg et al., 1986; Szerb and O'Regan, 1987; Szerb, 1988; Nadler et al., 1990) . Further, the present findings provide substantial physiological evidence that ASP and GLU are both released synchronously and are both involved in excitatory synaptic transmission at Schaffer collateral-commissural-CA1 synapses ofthe hippocampus. One interesting question is whether or not ASP is released in vesicles. A vesicular uptake carrier has been identified for GLU but not for ASP (Naito and Ueda, 1985) . This has led to the suggestion that either ASP is not a neurotransmitter at all or it is released by some alternate mechanism. Our data suggest that, in this system at least, ASP release is vesicular. This is because ASPmediated NMDA responses measured by whole-cell recording were evoked with the same latency as GLU-mediated NMDA responses. This would not be expected if they were released by different mechanisms. Therefore, a vesicular-uptake carrier for ASP probably does exist in hippocampus; otherwise, it should be considered that both ASP and GLU might be released in a nonvesicular manner (Taut and Poulain, 199 1) .
Based on these results alone, however, it is not possible to determine whether ASP and GLU are concomitantly released from different terminals or co-released from the same terminals. The first hypothesis holds that ASP and GLU are released from independent synapses on common target cells. According to this hypothesis, there may be a subset of aspartatergic terminals and a subset of glutamatergic terminals. Unless cells can differentially select their transmitter at the level of the terminal, it follows that these terminals would have to arise from distinct cell populations. For example, perhaps aspartatergic cells project to the contralateral hippocampus via the commissural projection and glutamatergic cells project ipsilaterally via the Schaffer collaterals. Such a relationship has been suggested on the basis of release experiments performed after lesioning the hippocampal commissure (Nadler et al., 1986) . By itself, ASP is not likely to produce a postsynaptic response because the NMDA receptors for which it is specific hardly contribute to fast synaptic transmission (Collingridge et al., 1983; Herron et al., 1986) . However, aspartatergic terminals could substantially enhance fast glutamatergic transmission when the two inputs converge, causing a larger NMDA response. This mechanism is attractive for its potential relevance to the pathogenesis of epileptic seizures that are associated with enhanced ASP release and no change in GLU release (Flavin et al., 199 1) . In addition, such a mechanism could provide a novel anatomical basis for associativity in the induction of long-term potentiation.
The second hypothesis holds that ASP and GLU are co-released from the same terminals. According to this hypothesis, both ASP and GLU are synthesized in conjunction with cellular metabolism (see Fig. l) , they are presumably packaged into synaptic vesicles, and they are co-released from the same Schaffer collateral-commissural terminals. This hypothesis seems more likely since ASP and GLU both exist in high cytoplasmic concentrations and are readily interconverted by a single enzymatic transamination.
In addition, the co-release model is attractive because it provides a potential target for the regulation of synaptic efficacy, ASP transaminase (ASP-T). That is, ASP and GLU are derived from intermediates of the TCA cycle as well as from glutamine and readily interconverted by ASP-T or a similar enzyme in the nerve terminal (Cooper, 1988) . The regulation of ASP/GLU homeostasis, and thus of synaptic efficacy, should follow the law of mass action (i.e., depend on the relative concentrations of glucose and glutamine) and depend on the relative affinity of ASP-T for its substrates, which would influence its preferred direction. It is possible that reductions in synaptic efficacy, such as long-term depression, may be associated with increased ASP synthesis and release. On the contrary, enhancements of synaptic transmission, such as long-term potentiation, may be associated with increased GLU synthesis and release. Any such increase in GLU release would preferentially enhance AMPA/kainate receptor activation more than NMDA receptor activation, as is seen with long-term potentiation (Muller et al., 1987) .
Either of these models could explain the present results. Decreased glucose should decrease glutamatergic and increase aspartatergic transmission whatever the source, and our electrical field stimulus undoubtedly activated both collateral and commissural fibers, Future experiments will attempt to determine the origin of the releasable pools and assess the roles of ASP, GLU, and ASP-T in the regulation of hippocampal synaptic efficacy.
